Neurodegenerative tauopathies, including
Alzheimer's disease, are characterized by abnormal hyper-phosphorylation of the microtubule-associated protein tau. One group of tauopathies, known as frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17), is directly associated with mutations of the gene tau. However, it is unknown why mutant tau is highly phosphorylated in the patient brain. In contrast to in vivo high phosphorylation, FTDP-17 tau is phosphorylated less than wild-type tau in vitro. Because phosphorylation is a balance between kinase and phosphatase activities, we investigated dephosphorylation of mutant tau proteins, P301L and R406W. Tau phosphorylated by Cdk5-p25 was dephosphorylated by protein phosphatases in rat brain extracts. Compared with wild-type tau, R406W was dephosphorylated faster and P301L slower. The two-dimensional phosphopeptide map analysis suggested that faster dephosphorylation of R406W was due to a lack of phosphorylation at Ser404, which is relatively resistant to dephosphorylation. We studied the effect of the peptidyl-prolyl isomerase Pin1 or microtubule binding on dephosphorylation of wild-type tau, P301L, and R406W in vitro. Pin1 catalyzes the cis/trans isomerization of phospho-Ser/Thr-Pro sequences in a subset of proteins. Dephosphorylation of wild-type tau was reduced in brain extracts of Pin1-knockout mice, and this reduction was not observed with P301L and R406W. On the other hand, binding to microtubules almost abolished dephosphorylation of wild-type and mutant tau proteins. These results demonstrate that mutation of tau and its association with microtubules may change the conformation of tau, thereby suppressing dephosphorylation and potentially contributing to the etiology of tauopathies.
One of hallmarks of Alzheimer's disease (AD) pathology is neurofibrillary tangles, which are composed of paired helical filaments (PHF), aggregates of the abnormally phosphorylated microtubule-associated protein tau. Intracellular inclusions comprising tau are also found in several other neurodegenerative diseases including Pick's disease, progressive supranuclear palsy, corticobasal degeneration, and frontotemporal dementia with parkinsonism linked to chromosome , collectively called tauopathies (1) (2) (3) . Identification of tau as a causative gene of the inherited tauopathy FTDP-17 reveals that tau mutation is sufficient to cause disease (4) (5) (6) .
However, the impact tau mutations have on neurodegeneration remains unknown.
Tau proteins in inclusions are hyper-phosphorylated, and extensive studies have identified the phosphorylation sites; for example, more than 20 sites have been identified in PHF-tau obtained from AD brains (7, 8) . Tau can be phosphorylated by a variety of protein kinases, including glycogen synthase kinase 3β (GSK3β), cyclin-dependent kinase 5 (Cdk5), mitogen-activated protein kinase, cAMP-dependent protein kinase (PKA), microtubule affinity regulating kinase, and others (9) (10) (11) (12) . Early phosphorylation experiments in vitro and in cultured cells have shown that mutant tau is less phosphorylated than wild-type (WT) tau (13) (14) (15) (16) (17) (18) . However, two later studies demonstrated higher phosphorylation of mutant tau using brain extracts as a source of protein kinases in the presence of protein phosphatase inhibitor okadaic acid (19) or in immortalized cortical cells (20) . However, it is not fully understood how mutant tau becomes highly phosphorylated in vivo.
Tau hyper-phosphorylation could also be attributed to reduced dephosphorylation activity. Tau is dephosphorylated in vitro by any of the major four classes of protein phosphatases, PP1, PP2A, PP2B and PP2C, but PP2A is thought to be the major protein phosphatase that regulates tau phosphorylation state in brains (21-23). PP2A activity reportedly is decreased in AD brain (24) (25) (26) , and highly phosphorylated tau in PHF is relatively resistant to dephosphorylation by PP2A (27) . Few studies have been done on dephosphorylation of mutant tau, however, and thus the mechanism remains unclear. One putative factor involved in mutant tau dephosphorylation is the peptidyl-prolyl isomerase Pin1. Pin1 catalyzes the cis/trans isomerization of phospho-Ser/Thr-Pro sequences in a subset of proteins (28, 29) . Pin1 is involved in AD pathogenesis as shown by the fact that it is found in neurofibrillary tangles and that tau is hyper-phosphorylated in Pin1-deficient mouse brains (30) . Pin1 is indicated to facilitate tau dephosphorylation via PP2A by binding to the phospho-Thr231-Pro or phospho-Thr212-Pro site (31) (32) (33) . The effect of Pin1 on the stability of mutant tau was recently reported (34) , but a detailed analysis of Pin1 action on mutant tau has not been reported. Another possible factor affecting dephosphorylation of mutant tau is the binding to microtubules. We previously showed that phosphorylation of tau is stimulated upon binding to microtubules (35) . We thus hypothesized that binding to microtubules may also affect the extent of tau dephosphorylation.
Here, we examined the effects of Pin1 and binding to microtubules on dephosphorylation of WT and FTDP-17 mutant (P301L and R406W) tau proteins that had been phosphorylated by Cdk5-p25 or Cdk5-p35. P301L and R406W are two distinct types of FTDP-17 mutants that have been studied well. We show for the first time how the regulation of tau dephosphorylation can contribute to the observed tau hyper-phosphorylation in tauopathies.
Experimental Procedures Enzymes, plasmid and chemicals
The catalytic subunit of each of PP1 and PP2A was purchased from Upstate (Lake Placid, NY). Brain extract of Pin1-knockout mice and the preparation of GST-Pin1 have been described (36) . Cdk5/p35 and Cdk5/p25 were prepared from Sf9 cells as described (37) . GSK3β and the catalytic subunit of PKA were purified from rat brain extract as described (38) . GSK3β purchased from Millipore (Billerica, MA) was also used for some experiments.
Expression and purification of recombinant human tau cDNAs encoding recombinant human WT and FTDP-17 mutant tau (P301L and R406W, respectively) with one N-terminal insert and four repeat domains (1N4R, see supplemental Fig.  4A ) in the pRK172 bacterial expression vector were used to transform Escherichia coli BL21-DE3 competent cells (35, 39) . ΔMTB, tau without microtubule-binding repeats, was constructed by polymerase chain reaction (PCR) with primers 5'-AATAAAAAGATTGAAACCCACAAGCT GAC-3' (sense) and 5'-ATTCTTCAGGTCTGGCATGG-3' (antisense). The PCR product was phosphorylated by T4 polynucleotide kinase and ligated into pSG5. The accuracy of the construct was verified by DNA sequencing. Tau proteins were purified from the heat-stable supernatant of the E. coli extract by chromatography on a Mono S column as described (35) .
Preparation of tubulin, and binding of tau to microtubules
Tubulin was prepared from porcine brains by three cycles of temperature-dependent polymerization/depolymerization (40) . Tubulin was separated from microtubule-associated proteins (MAPs) using a phosphocellulose column (P11, Whatman, Brentford, UK) as described (40) . Tau (0.05 mg/ml) was bound to microtubules, which were polymerized from 0.5 mg/ml tubulin with an aid of 20 µM taxol in 20 mM MOPS, pH 6.8, and 1 mM MgCl 2 by incubation at 35°C for 20 min as described (35) . (35) . Electrophoresis was performed at pH 1.9, and ascending chromatography was performed in n-butyl alcohol/pyridine/glacial acetic acid/water (150/100/30/120). Phosphopeptide spots were detected and the intensity was measured by a FLA-7000 Bioimage Analyzer.
Preparation of phosphorylated tau (P-tau)

Results
Dephosphorylation of FTDP-17 mutant tau, P301L and R406W
Purified, recombinant tau, either WT tau or FDTP-17 mutant tau P301L or R406W, was phosphorylated in vitro by Cdk5-p25 in the presence of [γ-
32 P]ATP (Supplemental Fig. S1A ).
About 4 mol of phosphate was incorporated into 1 mol of WT tau. 32 P bound to WT tau was easily removed by incubation with brain extract (BE) but not without the brain extract (-) (Fig. 1A) . The tau protein was not degraded during incubation. The decrease in the 32 P label on tau was inhibited by the protein phosphatase inhibitor, microcystin LR (Supplemental Fig.  S2A ), indicating that the decrease in the 32 P label is dephosphorylation. We measured the dephosphorylation of in vitro-phosphorylated P301L and R406W; P-P301L was dephosphorylated slower and P-R406W faster than P-WT tau (Fig. 1B) . These results constitute the evidence of differential rates of dephosphorylation between WT and mutant taus.
Tau is mainly dephosphorylated by PP2A (21-23, 25). To determine whether our observed difference in dephosphorylation (Fig.  1B ) was due to PP2A activity, we dephosphorylated P-tau by rat brain extract in the presence of phosphatase inhibitor. Dephosphorylation was inhibited by okadaic acid (OA) at 10 nM, the concentration specific to PP2A, but not inhibited by inhibitor-2 (I-2, 40 nM), a heat stable inhibitory protein for PP1 (Fig.  1C) . We confirmed the results using the purified catalytic subunit of PP1 or PP2A. P-tau was dephosphorylated by PP2A much faster than by PP1 (Fig. 1D) , consistent with previous reports (22, 25) . Further, P-P301L was dephosphorylated by PP2A slower and P-R406W faster compared with P-WT tau (Fig.  1E ), as observed in the brain extract experiments (Fig. 1B) . These data suggest that PP2A is the major protein phosphatase differentially dephosphorylating these tau substrates (i.e., FTDP-17 mutants and WT tau) in brain extract.
Difference in dephosphorylation rate among phosphorylation sites on tau
WT and P301L tau are phosphorylated mainly at Ser202, Ser235 and Ser404 by Cdk5-p25, and R406W is phosphorylated mainly at Ser202 and Ser235 (35) . We analyzed the dephosphorylation rate at these sites in P301L or R406W by 2D phosphopeptide mapping. Indeed, Ser202, Ser235 and Ser404 were phosphorylated in WT tau and P301L, and Ser202 and Ser235 in R406W ( Fig. 2A , 0 min), as shown previously (35) . 2D phosphopeptide patterns after 10 min of dephosphorylation in the brain extract were similar to those before incubation, although there were differences in relative intensity ( Fig. 2A) . We quantified the phosphorylation signals in each of four spots in WT or P301L and expressed them as a fraction of the sum of these four phosphorylation spots (Fig. 2B) . The data clearly show that Ser202 was dephosphorylated faster than Ser404. Because R406W lacks Ser404 phosphorylation, these also results suggest a rationale for why R406W is dephosphorylated faster than WT or P301L.
Effect of Pin1 on dephosphorylation of FTDP-17 mutant tau proteins
The prolyl-peptidyl isomerase Pin1 facilitates PP2A-dependent dephosphorylation of P-tau by converting the cis peptide bond of proline at phospho-Ser/Thr-Pro sites to the trans conformation (31), thereby yielding a more kinetically favorable P-tau substrate. However, its effect on dephosphorylation of mutant tau has not been examined. We measured dephosphorylation of P-WT tau and P-mutant taus in brain extracts from Pin1-KO and WT mice. An incubation time of 10 min was chosen as the optimum condition for detecting the difference (Supplemental Fig.  S2B ). Dephosphorylation of P-tau was slower in Pin1-KO mouse brain extract compared with WT mouse brain extract (Fig. 3A and B) , and the dephosphorylation rate increased upon addition of purified Pin1 at 2 nM (Fig. 3B, WT) , a concentration that is sufficient to restore the dephosphorylation activity in Pin1-KO mice (41) . This result is consistent with the report that Pin1 enhances dephosphorylation of P-tau by PP2A (32) . We then compared dephosphorylation of P-P301L and P-R406W in Pin1-KO and WT extracts. Interestingly, there was less of a difference in dephosphorylation between Pin1-KO and WT mouse brain extract in P301L and R406W compared with WT tau; moreover, addition of purified Pin1 to Pin1-KO mouse brain extract did not stimulate the dephosphorylation rate of P-P301L and P-R406W (Fig. 3B) . These results suggest that FTDP-17 mutations confer insensitivity of P-tau to Pin1-dependent enhancement of dephosphorylation.
We next addressed whether the effect of Pin1 deficiency on dephosphorylation was specific for the phospho-Ser/Thr-Pro sequence. For this experiment, in addition to using Cdk5 we used two other protein kinases, GSK3β, a proline-directed kinase, and PKA, a non-proline-directed kinase, to phosphorylate tau. About 2-3 moles of phosphate were incorporated into tau after incubation with these protein kinases (Supplemental Figure S1B ) but 2D phosphopeptide maps were different between them as expected based on their different phosphorylation sites (Fig. 3C ). Respective phosphopeptide maps are similar to those of GSK3β-and PKA-phosphorylated tau reported previously (42) . P-WT tau phosphorylated by GSK3β or PKA was dephosphorylated easily by WT brain extract (Fig.  3D) . The dephosphorylation of GSK3β-phosphorylated WT tau as well as Cdk5-phosphorylated WT tau was decreased in the presence of Pin1-KO mouse brain extract, but this was not the case for PKA-phosphorylated WT tau, consistent with previous results that the effect of Pin1 on dephosphorylation is specific for certain phosphorylation sequences (31) (32) (33) . (35) . We thus hypothesized that binding to microtubules may also affect dephosphorylation of tau. WT tau, P301L or R406W (0.05 mg/ml), each of which had been phosphorylated by Cdk5-p25, was bound to taxol-polymerized microtubules. Under our experimental conditions, essentially 100% of P-tau was bound to microtubules. When microtubule-bound P-R406W was incubated with rat brain extract, dephosphorylation was almost completely abolished, whereas unbound P-R406W was quickly dephosphorylated (Fig. 4A) . Similar results were obtained for P-WT tau and P-P301L (Fig. 4B) .
Dephosphorylation of P-tau bound to microtubules
Several control experiments were performed to substantiate the above results. First, we verified that the tubulin fraction did not contain protein kinases, which could counter any dephosphorylation. In this regard, we checked the phosphorylation state of P-WT tau after incubation with microtubules; no change was evident, indicating that the tubulin fraction contained neither tau kinases nor phosphatases (Supplemental Fig. S3A ). Second, we verified that the GTP used for tubulin polymerization did not act as a competitive substrate for dephosphorylation; we found that dephosphorylation proceeded at a similar rate in the absence or presence of 0.5 mM GTP (Supplemental Fig. S3B ). Third, we verified that tubulin did not inhibit the protein phosphatases in brain extract. To test this possibility, we used an alternate substrate, neurofilament light chain (NF-L, in this case phosphorylated by Cdk5-p25), which does not interact with microtubules (38) . Dephosphorylation of NF-L proceeded in the presence of microtubules, indicating that tubulin does not inhibit brain extract phosphatases (Supplemental Fig. S3C ). Fourth, it has been suggested that the repeat region of tau binds to the interior of microtubules when tubulin is coassembled with tau (43) , and thus we verified that P-WT tau did not bind inside of microtubules in our system. We added P-WT tau to pre-assembled microtubules and measured dephosphorylation. Indeed, the order of P-WT tau addition did not affect its dephosphorylation (Supplemental Fig.  S3D) .
The above results suggested that, upon binding to microtubules, P-tau changes its conformation such that dephosphorylation is unfavorable. To demonstrate this possibility more clearly, we used a mutant tau, ΔMTB, in which the microtubule-binding domain (residues 256~367 according to the longest human tau 441) was deleted (Supplemental Fig. S4A ). ΔMTB did not bind to microtubules effectively (Supplemental Fig. S4B ), as shown previously (44) , but it was phosphorylated at the same sites as WT tau, as demonstrated by 2D phosphopeptide mapping (Supplemental Fig.  S4C ). P-ΔMTB tau and P-WT tau were dephosphorylated at similar rates when incubated with WT mouse brain extract (Fig.  4C) ; however, dephosphorylation of P-ΔMTB was not suppressed in the presence of microtubules. Taken together, these results indicate that the binding of P-tau to microtubules suppresses its dephosphorylation.
Effect of Pin1 on dephosphorylation of P-tau bound to microtubules
We examined the effect of exogenously added Pin1 on dephosphorylation of P-WT tau bound to microtubules. Addition of purified Pin1 to Pin1-KO mouse brain extract did not enhance the dephosphorylation of P-WT tau bound to microtubules (compare lane 6 with lane 4 in Fig.  5A ).
Dephosphorylated in the absence of microtubules is shown in lane 2 of Figure 5A . Similar results were obtained with P301L and R406W (Fig. 5B) . Although Pin1 appeared to increase the dephosphorylation of R406W, the increase was not statistically significant. Thus, Pin1 could not eliminate the suppression of P-tau dephosphorylation upon microtubule binding.
Discussion
We investigated dephosphorylation of P-taus, namely WT, P301L and R406W, phosphorylated by Cdk5-p25. Compared with P-WT tau, P-R406W was dephosphorylated faster and P-P301L slower. The dephosphorylation rate differed between phosphorylation sites; Ser404 was dephosphorylated slower and Ser202 was faster than Ser235. The latter could explain why P-R406W, which lacks Ser404 phosphorylation, was dephosphorylated faster than P-WT tau or P-P301L. We confirmed that dephosphorylation of tau was attenuated in mouse brain extract lacking Pin1. Of import is that the Pin1 deficiency was countered by the FTDP-17 mutation of tau. Furthermore, dephosphorylation of P-tau, either WT or mutants, was almost completely abolished upon binding to microtubules. These findings demonstrate that the phosphorylation states of tau are actively regulated not only by activation of protein kinases but also by dephosphorylation reactions that depend presumably on the conformational state(s) of tau under normal or pathologic conditions.
Hyper-phosphorylation is a characteristic of tau in tauopathic brains (11, 12, 45) . However, it is not known how FTDP-17 mutations induce hyper-phosphorylation. There was a discrepancy between in vivo and in vitro phosphorylation status of FTDP-17 tau (13) (14) (15) (16) 45) . Two recent reports describe higher phosphorylation of mutant tau (19, 20) , but the molecular mechanism that induces abnormal phosphorylation of mutant tau remains to be elucidated. Because phosphorylation is a balance between kinase and phosphatase activities, we addressed this issue with respect to dephosphorylation, which for FTDP-17 mutant taus has not been thoroughly examined. We chose P301L and R406W because they represent two distinct types of FTDP-17 mutation that often have been compared. The early-onset mutation, P301L, is one of the most frequently identified mutations in FTDP-17 and has severe phenotypes (6, 46, 47) . By contrast, R406W is late onset and has mild phenotypes (4, 48) . These mutations differ in fibrillar formation-P301L can selectively form filaments on its own (45, 49) , whereas R406W forms filaments by assembling with WT tau (45, 50) . In vitro studies have demonstrated that both P301L and R406W mutations reduce the ability of tau to promote microtubule assembly (39, 51) , whereas the effect of R406W on microtubules dynamics is comparable to that of WT tau in cells (52) . Here, a difference in dephosphorylation rate was also found between P301L and R406W. P301L was dephosphorylated slower than WT tau, and R406W was dephosphorylated faster than WT tau. Very recently, the effect of FTDP-17 mutations on site-specific dephosphorylation was reported using HEK-293 cell extract as a source of protein phosphatases (53) . Considering that most FTDP-17 mutants have properties similar to P301L rather than R406W, reduced dephosphorylation of P301L may account, at least in part, for the observed high levels of phosphorylation of mutant tau in brains afflicted with tauopathies.
Although both P301L and R406W are highly phosphorylated in vivo, their rate of dephosphorylation differed in vitro. Under our in vitro phosphorylation conditions, Cdk5/p25 mainly phosphorylated Ser202, Ser235 and Ser404 in P301L as well as WT tau. Among these serines, Ser202 was dephosphorylated faster and Ser404 was dephosphorylated slower by protein phosphatases in brain extract. The resistance of Ser404 to dephosphorylation was recently reported (54) . Unlike P301L, R406W is not phosphorylated on Ser404. The lack of Ser404 phosphorylation in the R406W mutant also has been reported in R406W-overexpressing mouse brain (15, 17, 55) . Mutation of Arg406 in the Ser-Pro-Arg sequence to Trp may disrupt Cdk5 recognition of the phosphorylation site. Clearly, the absence of phosphorylation at a site that is dephosphorylated slower in other taus results in the apparent faster dephosphorylation of R406W. However, the phosphorylation in the C-terminal tail region involving Ser396, Ser400 and Ser404 is complex. Phosphorylation at Ser404 affects any subsequent phosphorylation at Ser400 and then Ser396 in a hierarchical manner (56) . In contrast, it also has been reported that Ser396 phosphorylation is elevated in R406W when phosphorylated in vitro by brain extract in the presence of okadaic acid (19) . It may be interesting to quantify the relative phosphorylation state and dephosphorylation rate of Ser400 and Ser396 in R406W, because phosphorylation at Ser396 and Ser404 is well known as the PHF1 epitope, one of the abnormal phosphorylation sites in PHF tau (57) .
The site-dependent difference in dephosphorylation rate does not underlie the observed high phosphorylation of mutant taus because P301L shares the same phosphorylation pattern as WT tau. We do not know the answer to explain the issue at present. But the number of microtubule-binding repeats in tau may be involved in this question. The P301L mutation is located in the C-terminal side of the second microtubule-binding repeat that is found only in 4-repeat tau. This mutation is shown to change the local conformation to increase the propensity of the β-sheet around it, from Lys298 to Gly305 (58) . This subtle change may increase the interaction of basic amino acids in the repeats, which are the tubulin interacting residues, with phosphorylation sites in the flanking regions. This may result in reduced accessibility by protein phosphatases.
We examined whether Pin1 could distinguish between mutant and WT taus because Pin1 facilitates the dephosphorylation of the phospho-Ser/Thr-Pro sequence by PP2A (31) . Further, Pin1 dysfunction is indicated in AD pathogenesis because the protein is detected in neurofibrillary tangles and tau is hyper-phosphorylated in Pin1-deficient mouse brains (30) . We confirmed here that Pin1 enhances dephosphorylation of P-tau by PP2A, and this enhanced dephosphorylation occurred at proline-directed phosphorylation sites. More important was loss of the Pin1-sensitive enhancement of dephosphorylation in both P301L and R406W. These results predict that P301L and R406W would be phosphorylated more extensively in Pin1 KO mouse brain. We cannot explain why the dephosphorylation of FTDP-17 mutants was insensitive to Pin1, but both P-P301L and P-R406W may have a conformation that cannot be recognized by Pin1. Pin1 binding sites in tau are reported to be phospho-Thr231-Pro (30) or phospho-Thr212-Pro (32, 59) . Cdk5 phosphorylation sites at Ser202, Ser235 and Ser404, however, are not included in these Pin1 binding sites. Thus, there may be unidentified Pin1 binding sites among Cdk5-specific phosphorylation sites. It was recently reported that Pin1 differentially affects the in vivo half-life of P301L and R406W; P301L is destabilized by Pin1 deficiency, whereas R406W and WT tau are stabilized (34) . It would be interesting to examine any relationship between Pin1-dependent dephosphorylation of taus and their stability.
Binding to microtubules remarkably affects dephosphorylation of tau. In general our results agree with those of Sontag et al. (60) that dephosphorylation of PKA-phosphorylated tau by purified PP2A is reduced in the presence of taxol-stabilized microtubules; our interpretation of these results, however, differs from theirs. We would like to point out that Sontag et al. collected PKA-phosphorylated tau, which was still bound to microtubules, by co-sedimentation with the microtubules, and dephosphorylated them after stabilization of microtubules with taxol (60). They argued that microtubules inhibit PP2A activity using myosin-light chain as a substrate that does not bind to microtubules. In our experiments, however, dephosphorylation of ΔMTB or NF-L, both of which do not bind microtubules, proceeded as fast as soluble tau even in the presence of microtubules, suggesting that tau becomes resistant to dephosphorylation by binding to microtubules. The difference may be derived from the protein phosphatase fraction used; we used rat brain extracts that contain various forms of PP2A including ABαC complex, whereas Sontag et al. (60) used purified ABαC complex. In either case, both datasets suggest that dephosphorylation of tau is suppressed in the presence of microtubules regardless of whether tau is phosphorylated by PKA or Cdk5. We think that the suppression is caused by a conformational change in tau upon microtubule-binding, which evades PP2A recognition. Tau has been thought to lack a defined conformation, but some folding of tau also has been reported (61, 62) . It remains unknown, however, whether tau changes conformation upon binding to microtubules. A recent NMR study revealed two tubulin binding motifs in the proline-rich region flanking the GSK3 phosphorylation site Ser231 and Cdk5 phosphorylation site Ser235 (63) . As such, it is highly possible that accessibility of kinases or phosphatases to these phosphorylation sites is affected by microtubule binding. Notably, dephosphorylation of tau bound to microtubules may reflect the situation of PHF tau, which is resistant to dephosphorylation by protein phosphatases (27) . If PHF tau acquires a conformation similar to that of tau on microtubules, then investigation of microtubule-dependent suppression of dephosphorylation may help to elucidate the mechanism by which PHF tau remains hyper-phosphorylated.
Taken together, our results suggest a model for how mutant tau remains highly phosphorylated in the brains of FTDP-17 patients. The phosphorylation state of most FTDP-17 mutants is similar to P301L rather than R406W. Therefore, high-phosphorylation state of most mutants may be maintained by a reduced level of dephosphorylation by PP2A. Mutant tau has a tendency to aggregate irreversibly, resulting in greater resistance to dephosphorylation-leading to hyper-phosphorylation. And what of R406W, which appears to bind microtubules with higher affinity than other mutants in cells (52) . Therefore, the R406W mutant tau may undergo a conformational change-similar to other mutants-upon which dephosphorylation becomes insensitive to Pin1. Phosphorylated R406W on microtubules may aggregate with itself or with phosphorylated WT tau. Interaction between phosphorylated tau molecules on microtubules may induce oligomerization or PHF-like aggregates that would be relatively resistant to dephosphorylation. In the case of WT tau, association with microtubules also may initiate hyper-phosphorylation. But as it has generally been observed, high phosphorylation of tau increases its propensity to dissociate from microtubules (9, 11) . Compared to mutant tau proteins, P-WT tau, upon dissociation from microtubules, is dephosphorylated easily after conversion to the trans form by Pin1, and therefore WT tau is much less likely to form aggregates i.e., representing the non-pathologic state . FOOTNOTES *This work was supported in part by Grants-in-Aid for Scientific Research on Priority Area from MEXT of Japan (S. H.).
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